We present the results of Kohn-Sham calculations on molecules, surfaces, and solids which were obtained using a recently proposed exchange-correlation energy functional ͓Z. Wu and R. E. Cohen, Phys. Rev. B 73, 235116 ͑2006͔͒. The Wu-Cohen ͑WC͒ functional, like the well-known PBE functional ͓J. P. Perdew et al., Phys. Rev. Lett. 77, 3865 ͑1996͔͒, is of the generalized gradient approximation form and was derived from the homogeneous electron gas and mathematical relations obeyed by the exact functional. The results on molecular systems show that among the functionals we tested, PBE remains superior for the energetics of covalent and noncovalent bonds. While this is not too surprising for noncovalent bonds due to the very good performance of PBE, unfortunately this holds also for covalent bonds, where PBE is a functional of rather poor quality. Calculations on transition-metal surfaces show that WC improves over local-density approximation ͑LDA͒ and PBE for the surface formation energy of 3d elements, while LDA is the best for heavier elements. In most cases, the lattice constant of solids as determined by the WC functional is in between the LDA and PBE results and on average closer to experiment. We show for each group of compounds which functional performs best and provide trends. In the particular case of lattice constants whose values are determined by weak interactions ͑e.g., the interlayer distance in graphite͒, the LDA functional is more accurate than the generalized gradient approximation functionals.
I. INTRODUCTION
The Kohn-Sham 1 version of density functional theory 2 ͑DFT͒ is the most used quantum-mechanical method for studying the geometry and electronic structure of finite ͑at-oms and molecules͒ and infinite ͑surfaces and solids͒ systems. Compared to the ab initio post-Hartree-Fock methods ͓e.g., MP2 and CCSD͑T͒ ͑Ref. 3͔͒, also widely used in chemistry, the Kohn-Sham method is much faster and thus allows calculations on large systems ͑up to several thousands of atoms with a linear scaling algorithm 4 ͒. In practical calculations, only approximate functionals for the exchangecorrelation energy can be used, and until now, no functional has been proposed that is able to yield reliable results in any circumstance. For molecular systems, hybrid functionals 5, 6 are often the most accurate, while for solids, the functionals of the local-density approximation ͑LDA͒ and generalized gradient approximation ͑GGA͒ are still the most widely used. Note that the last years have seen the emergence of meta-GGA ͓e.g., PKZB ͑Refs. 7 and 8͒ and TPSS ͑Refs. 9-11͔͒ functionals ͑both for finite and infinite systems͒ and the use of hybrid functionals for solids, which, depending on the type of system, work quite successfully ͑see Ref. 12 for a review͒. Nevertheless, only very few codes offer the possibility to perform meta-GGA or hybrid calculations for solids. In addition, hybrid calculations remain very expensive for infinite systems due to the slow convergence of the HartreeFock energy, unless a screened Coulomb operator is used for the Hartree-Fock energy calculation. [13] [14] [15] Recently, Wu and Cohen 16 ͑WC͒ proposed a new GGA exchange-energy functional. Their functional, used in combination with the PBE correlation-energy functional, 17 was shown to have significant improvement over LDA, PBE, and TPSS for the geometrical parameters and the bulk modulus of solids. They also showed that their functional performs as good as PBE for the cohesive energy of solids and as good as TPSS for the jellium surface energy, while it is rather bad at reproducing the exact ͑Hartree-Fock͒ exchange energy of rare-gas atoms. The WC functional has interesting features, mainly because it is a GGA functional, which is both easy to implement and computationally efficient and does not contain any adjustable parameter. Therefore, it is of great interest to test its quality for various systems. The WC functional is potentially very interesting, in particular, for surfaces and solids for which the GGA PBE functional ͑proposed in 1996 by Perdew et al. 17 ͒ is still the standard one. Nevertheless, we expect the WC functional to perform similarly as other LDA and GGA functionals concerning the electronic properties of most systems, and no real improvement is expected for systems which are known as difficult cases for LDA and GGA, in particular, those systems where the self-interaction error contained in LDA and GGA is important, e.g., the hydrogen atom and solids containing strongly correlated electrons for which a treatment with the more advanced empirical LDA + U ͑Ref. 18͒ or hybrid functionals 12, 19 ͑which lie beyond the Kohn-Sham formalism͒ is required.
We have chosen a testing set of 76 solids that is larger than the one used by Wu and Cohen. 16 Surfaces were also considered; more specifically, the binding energy of a hexagonal boron nitride ͑h-BN͒ monolayer on a metallic substrate as well as the corresponding surface formation energy were calculated. For molecules, both covalent and noncovalent interactions were considered, where the latter provide a particular tough test for the ͑semi͒local ͑LDA, GGA, and meta-GGA͒ and hybrid functionals. Note that for the treatment of noncovalent interactions within the DFT framework, other strategies or types of functionals were designed. Recent articles include the method based on subsystems, 20 a model based on the dipole moment of the exchange hole, 21 a fully nonlocal correlation-energy functional, 22 and the explicit inclusion of the dispersion energy. 23 For the present work, we have tested only such functionals that are derived from the homogeneous electron gas and mathematical relations obeyed by the exact functional. We note that such functionals are sometimes called "nonempirical" in the literature ͑see, e.g., Ref. 24͒. The paper is organized as follows. In Sec. II, the tested functionals are briefly presented and the details of the calculations are given. In Sec. III, the results are presented and discussed, and in Sec. IV the conclusions are given.
II. METHOD AND COMPUTATIONAL DETAILS
The exchange-correlation energy E xc is the quantity for which an approximate functional must be chosen for any practical Kohn-Sham calculation. The LDA approximation, [25] [26] [27] which is the starting point for the development of most of the other types of approximations, has the following form:
where xc LDA ͑͒ is a function of the electron density ͑or ↑ and ↓ for spin-polarized calculations͒ and can be very accurately calculated in the case of the homogeneous electron gas. In real ͑inhomogeneous͒ systems, one can allow for more flexibility by the GGA functionals which also use the first derivative of :
For convenience, we give only the exchange part E x ͑which represents the largest part of the exchange-correlation energy͒ of the functionals we tested. We first write the GGA exchange-energy functional in the following form:
where C x = ͑3/4͒͑3/͒ 1/3 and F͑s͒ is the enhancement factor with s = ٌ͉͉ / ͑2k F ͒ and k F = ͑3 2 ͒ 1/3 . In this notation, the LDA approximation 25 corresponds to F LDA ͑s͒ = 1, which is the exact functional for the homogeneous electron gas. In this work, we used for the LDA correlation energy the VWN5 functional of Vosko et al. 26 for finite systems and the PW92 functional of Perdew and Wang 27 for infinite systems. Note that VWN5 and PW92 are both very accurate fits of quantum Monte Carlo results obtained for the homogeneous electron gas. 28 PW91 ͑Ref. 29͒ is the oldest of the GGA functionals we considered, and its enhancement factor of the exchange part is proposed another PBE-like modification for the exchangeenergy functional:
where = 0.804 and where = 0.219 51 and c = 0.007 932 5. The form and coefficients of Eqs. ͑6͒ and ͑7͒ were chosen in order to reproduce the fourth-order gradient expansion of the exact exchangeenergy functional in the limit of a slowly varying density. 30 This requirement could reveal more important for solids, where the electron density is more homogeneous than in atoms and molecules. Note that various authors proposed other PBE-like functionals [31] [32] [33] [34] [35] and that among them, RPBE, ͑Ref. 32͒ was also constructed using only mathematical properties of the exact functional. Nevertheless, we did not consider this functional in our study because it has already been shown that RPBE performs quite badly for the lattice constant and bulk modulus of solids. 8, 16, 35 From Fig. 1 , we can see that for s smaller than s Ӎ 4, the enhancement factor of WC is slightly smaller than that of PW91 and PBE, but for larger values of s, PBE and WC factors are very close to each other. The PW91 factor, however, goes to zero after it has reached a maximum at s Ӎ 3.8. It was noted by Wesolowski et al. 36 and Zhang et al. 37 that for the description of noncovalent interactions, the behavior of the exchange functional in regions of large s ͑i.e., low-density and large-density gradients͒ plays an important role. The molecular calculations of Sec. III A were done with the DEMON code, 38 which uses Gaussian basis sets to solve the Kohn-Sham equations. For most calculations, the large uncontracted basis sets developed by Partridge 39, 40 were used. The basis sets and grid integrations are large enough to be confident that our results are very close to the fully converged results, both for the covalent ͑Sec. III A 1͒ and noncovalent ͑Sec. III A 2͒ systems. The interaction energies of the noncovalently bound complexes of Sec. III A 2 were corrected for the basis-set superposition error ͑BSSE͒ by means of the counterpoise correction method of Boys and Bernardi. 41 With the Partridge basis sets, the value of the BSSE is situated in the range 0.05-0.1 kcal/ mol for noncovalent systems that are bound by more than 10 kcal/ mol, while it is much smaller for very weakly bound systems ͑for instance, for Ne 2 the BSSE amounts to 0.006 kcal/ mol͒. These small values for the BSSE are a good indication that the Partridge basis sets are close to the complete saturation. Only for the geometry optimization of the charge-transfer complexes was a smaller basis set ͑triple zeta valence with polarization 42 ͒ used, and no counterpoise correction was used to remove the BSSE.
The periodic calculations ͑surfaces and solids͒ of Secs. III B and III C were done with the WIEN2K code, 43 which is based on the full-potential ͑linearized͒ augmented planewave and local orbitals method to solve the Kohn-Sham equations. The surface calculations were done with a slab geometry. In order to ensure convergence of the formation energies, the thickness of the slab was varied from 7 to 13 layers for fcc metals and from 8 to 14 layers for hcp metals. The thickness of the vacuum region was set to about 13 Å. The formation energies were calculated using slab energies with m and n layers as ͑mE n − nE m ͒ / ͑n − m͒. 44 The binding energy and geometry of epitaxially deposited h-BN on transition-metal systems were calculated with seven layer metal slabs. The Brillouin-zone integrations were performed with a 21ϫ 21ϫ 1 special point grid. For the bulk calculations, the Brillouin-zone integrations were performed with a 21ϫ 21ϫ 21 grid for most solids. The exceptions are MnO, FeO, CoO, and NiO for which a 18ϫ 18ϫ 18 grid was used in the rhombohedral Brillouin zone ͑antiferromagnetic order along the ͓111͔ direction͒, and the layered-systems C ͑graph-ite͒, BN, and MoSe 2 for which the integrations were performed with the 14ϫ 14ϫ 4, 19ϫ 19ϫ 2, and 20ϫ 20ϫ 4 grids, respectively. For most calculations, the value of R MT min K max =10 ͑the product of the smallest of the atomic sphere radii R MT and the plane-wave cutoff parameter K max ͒ was used for the expansion of the basis set. In some cases, mainly lighter elements, a smaller value of R MT min K max was used ͑8-9͒ in order to avoid problems with linear dependencies. Spin-orbit coupling was taken into account for the solids containing Ba, La, Ce, Hf, Ta, W, Ir, Pt, Au, and Th atoms.
The chosen parameters of convergence for both the molecular and periodic calculations are by far sufficient for testing the functionals, which is the main purpose of the present work. For the analysis of the calculations, the following statistical quantities will be used: the mean error ͑me͒, the mean absolute error ͑mae͒, the mean relative error ͑mre, in%͒, and the mean absolute relative error ͑mare, in%͒.
III. RESULTS

A. Molecules
Covalent bonds
In Table I , displayed are the results for the bond length and atomization energy of 19 small covalent molecules. This set of molecules is the same as the one chosen in Refs. 7, 8, and 17, but without Be 2 , since this metal dimer is bound by noncovalent interactions. The results show that for the bond length, the performances of PBE and WC are similar, with the me and mae just below 0.01 Å. Like PBE, WC has the tendency to overestimate the bond lengths ͑me= 0.006 Å͒, which is not the case with LDA ͑me= 0.001 Å͒, with this set of molecules. For most molecules, WC gives a bond length situated between LDA and PBE bond lengths ͑closer to PBE͒, which is not too surprising if we recall that the WC enhancement factor F͑s͒ is below the PBE enhancement factor ͑Fig. 1͒ for the small s region. For H 2 , LiH, and Li 2 molecules, in particular, WC yields bond lengths that are larger than PBE bond lengths.
The WC functional gives worse atomization energies than PBE ͑12.6 and 8.1 kcal/ mol for the mae, respectively͒, where the latter is already a rather poor functional compared to the best ͑but containing many adjustable parameters͒ GGA and hybrid functionals, which have an accuracy of 2 -3 kcal/ mol ͑see Refs. 10 and 45 for recent extensive tests͒. WC yields atomization energies that, similar to its bond lengths, are situated between the LDA and PBE values for all molecules except H 2 , LiH, and Li 2 . These three mol- ecules have relatively weak covalent bonds, and it will be shown below, in Sec. III A 2, that the same behavior occurs for noncovalent complexes bound by very weak van der Waals interactions.
Noncovalent bonds
In this section, the performances of LDA, PW91, PBE, and WC functionals on noncovalent interactions are assessed. To this end, the five benchmark databases recently proposed by Zhao and Truhlar 46, 47 were chosen. These databases ͑see Table II͒ consist of reference interaction energies ⌬E of six hydrogen bonding complexes ͑HB6͒, seven charge-transfer complexes ͑CT7͒, six dipole interaction complexes ͑DI6͒, seven weak interaction complexes ͑WI7͒, and five -stacking interaction complexes ͑PPS5͒. These reference interaction energies were determined from experimental studies for C 6 H 6 -Ne ͑Ref. 48͒ and the rare-gas dimers 49, 50 and extrapolation at the basis set limit of CCSD͑T͒ calculations for the benzene dimer 51 and the other complexes 46, 52 Table II were calculated at an ab initio-determined geometry ͓CCSD͑T͒ for the three geometries of the benzene dimer 56 and MC-QCISD/3 ͑Ref. 46͒ for the other complexes͔. This procedure for calculating ⌬E without DFT-geometry optimization can be considered a good one for most functionals and complexes. 46 Nevertheless, due to the usual strong underestimation of the intermolecular distance by LDA, the LDA interaction energy is expected to show a non-negligible increase if a LDA geometry optimization is performed. 46 The same trend was observed with other functionals ͑in particular PBE͒ for charge-transfer complexes, 46 and this is the reason why we did a geometry optimization for them ͑Table IV͒. We also considered the geometry optimization of the rare-gas dimers ͑Table V͒, which represent the archetypical class of intensively studied pure van der Waals complexes, 37,57-61 for Tables II and III, we can see that the trend is the same among the three different databases HB6, CT7, and DI6. Compared to the reference results, all four functionals show a clear trend to overestimate ͑i.e., to overbind͒ ⌬E for most complexes. From the smallest overestimation to the largest, the order of the functionals is PBE, PW91, WC, and LDA. Concerning the WI complexes, LDA overestimates the interaction energy ⌬E for all complexes. PW91 and PBE also overestimate ⌬E for the rare-gas dimers, while the interaction energy of CH 4 -Ne is underestimated by PBE and that of C 6 H 6 -Ne by PW91 and PBE. Somewhat surprisingly, WC is the functional which yields the smallest interaction energies. It gives values for ⌬E which are quasi-identical to the reference values for He-Ne, He-Ar, and Ne 2 complexes and underestimates ⌬E for the other complexes of the WI7 database. We recall that in Sec. III A 1, WC was the functional with the smallest atomization energies for H 2 , LiH, and Li 2 molecules. The results for the PPS5 database clearly show that LDA is the best functional. Depending on the DFT functional, a very large increase of the interaction energy for the CT complexes, with respect to the one calculated at the MC-QCISD/3 geometry, can be obtained if a geometry optimization is also performed with the considered DFT functional. 46 Therefore, we also performed a DFT-geometry optimization of the CT complexes ͑with the TZVP basis set 42 and without the counterpoise correction͒ for the calculation of ⌬E. Indeed, our results, displayed in Table IV , show that a dramatic increase of ⌬E is obtained with all four functionals. Now, the interaction energies are overestimated by 11.88, 6.22, 5.79, and 7.15 kcal/ mol with LDA, PW91, PBE, and WC, respectively, which represents several hundred percent for the mare. In contrast, the best hybrid functionals lead to small mae of less than 0.5 kcal/ mol with a geometry optimization. 46 A geometry optimization was also performed for the van der Waals rare-gas dimers ͑results in Table V͒ . The results are compared to the experimental bond lengths and interaction energies of Refs. 49 and 50. It is well known that LDA underestimates the intermolecular bond length R 0 , and for the rare-gas dimers, the underestimation is particularly high ͑0.3-0.5 Å͒. This leads to a strong overestimation of ⌬E ͑0.34 kcal/ mol, 371%͒. PW91 underestimates ͑overesti-mates͒ R 0 of the lightest ͑heaviest͒ dimers and gives the best results for the intermediate dimers Ne-Ar and Ne-Kr. Despite the significant improvement of PW91 over LDA for bond lengths, it still significantly overestimates the interaction energy of most dimers. The PBE bond lengths are ϳ0.1 Å larger than the PW91 values, and with respect to PBE, the WC functional systematically increases R 0 by ϳ0.2 Å, which means an overestimation of R 0 for all dimers except He 2 ͑which has an underestimation of 0.05 Å͒. WC shows a clear trend to underestimate ⌬E for most dimers ͑−0.078 kcal/ mol for the me͒. Among the four tested functionals, PBE is the most accurate for the bond length and interaction energy if the mae is considered ͑0.15 Å and 0.077 kcal/ mol͒, and for the mare, PBE remains the best for R 0 ͑4.1%͒, while WC slightly improves over PBE for ⌬E with 48%. In Fig. 2 , we show the LDA, PW91, PBE, and WC interaction energy curves of Ne 2 and Ar 2 dimers and compare them with the reference values ͑represented by ϫ͒. For Ne 2 , PBE yields the exact value for R 0 , while WC gives a very good interaction energy. For Ar 2 , PW91 is the best functional overall. Note that very recently, Zhao and Truhlar 61 tested 18 functionals ͑LDA, GGA, meta-GGA, hybrid, and meta-GGA-hybrid͒ on this same set of rare-gas dimers, and PBE was shown to be one of the most accurate functionals.
B. Surfaces
In order to test the performance of the functionals on surfaces, we have chosen a set of 3d, 4d, and 5d transition- metal surfaces. Because such metal surfaces attracted a lot of attention as a substrate for molecular deposition, we also tested the behavior of the functionals on the binding of a h-BN layer to these metal surfaces. 64 In Table VI , we list the calculated surface formation energies for a set of ten metals. The surfaces considered are ͑111͒ for fcc metals ͑Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au͒, and ͑0001͒ for hcp metals ͑Co and Ru͒. The metal surface formation energies are rather well studied quantities within DFT methods. 44, 65 Our LDA and PBE results are close to the results of previous studies. 44, 65 As we can see, for all metals, the LDA shows the highest and PBE the lowest calculated formation energies, while the WC functional always gives values in between. For the 3d metals ͑Co, Ni, and Cu͒ the LDA and PBE functionals yield too large and too small values, respectively, with respect to the measured values.
66,67
The WC results compare very well with experiment for Co and Ni. For 4d elements ͑Ru, Rh, Pd, and Ag͒, the LDA functional is definitely the best one, while WC slightly underestimates and PBE severely underestimates the surface energies. For the lighter Ru and Rh, the WC functional produces results with an error around 10%, while for the heavier elements, the error exceeds 15%. For 5d elements ͑Ir, Pt, and Au͒, the differences between the calculations and experiments are even larger. For Ir, LDA slightly overestimates the surface formation energy, while WC and, in particular, PBE underestimate it. For Pt and Au, all three functionals strongly underestimate the surface formation energy, probably because the experimentally observed surface reconstructions have been neglected. Overall, the LDA functional leads to the smallest values for the me and mae, closely followed by WC, while PBE is significantly less accurate.
The binding energies and geometries of a h-BN layer on top of metal surfaces are presented in Table VII . While for Ni and Cu the lattice mismatch is small and thus epitaxial monolayers of h-BN were also found experimentally, 68 on systems with a larger lattice mismatch, more complicated moiré pattern 69 or even highly complex nanostructures ͑Ru, Rh͒ were found. 70 We neglected the more complicated structures but strained BN as required to be able to place it epitaxially at the ͑fcc, top͒ position above the metal, which was found to be the most favorable adsorption site in all cases. Like in the case of the surface formation energies, for all metals, the LDA and PBE functionals produce the largest and smallest binding energies, respectively, whereas the WC functional gives values in between. For the three cases, Cu, Ag, and Au, the PBE functional does not show any binding ͑i.e., negative ⌬E͒, which at least in the case of Cu is clearly in contradiction with experiment where such a layer is observed, although it is not as stable as the Ni system. 71 Considering the stability of the observed h-BN monolayers on Ni, Cu, Rh, Pd, and Pt, [68] [69] [70] [71] [72] it can be concluded that PBE gives too small binding energies and LDA seems to overestimate them. In all these cases, the WC functional seems to improve the theoretical results. The h-BN layer is no longer flat but slightly buckled with the B atom closer to the metal than the N atom in all cases. This buckling ͑vertical B-N distance z B−N ͒, as well as the vertical metal-N distance z M−N , follows the trend seen in the binding energies and is smallest with LDA but largest for PBE ͑Table VII͒.
C. Solids
For the testing of the functionals on solids, we chose a set of 76 solids ͑see Tables VIII and IX͒, including magnetic and nonmagnetic metals, semiconductors, and insulators. Experimental data for the equilibrium lattice constant a 0 and bulk modulus B 0 are available in the literature.
11,14,73-105 Among them, there are the layered-systems graphite, h-BN, and MoSe 2 , whose distances between the layers are determined by rather weak interactions. Our set also includes the raregas solids that are stabilized by pure van der Waals interactions.
Considering first the elemental solids, we can see that LDA strongly underestimates the lattice constant by 0.1-0.3 Å for groups I ͑Li, Na, K, and Rb͒ and II ͑Ca, Sr, and Ba͒. PBE and WC functionals partially correct the failure of LDA, with WC being the best for group I and PBE for group II ͑but still with a clear underestimation for Ca and Sr͒. For Al ͑group III͒, there is also a strong underestimation of a 0 by LDA, while the PBE value is very close to the experimental one. Concerning group IV, namely, C ͑in the diamond and graphite structures͒, Si, Ge, and Sn, the WC functional is better for C and Si, while LDA is better for the heavier elements Ge and Sn. PBE overestimates a 0 for most group-IV elements. For the 3d transition metals we considered ͑V, Fe, Ni, and Cu͒, PBE is clearly the best functional, while LDA and WC systematically underestimate the lattice constant. Concerning the case of the 4d transition metals ͑Nb, Mo, Rh, Pd, and Ag͒, WC is the functional yielding values for a 0 , which are closest to the experimental ones, while with LDA and PBE, there is underestimation and overestimation, respectively. For the heavier 5d metals ͑Ta, W, Ir, Pt, and Au͒, PBE also overestimates the lattice constants. The WC functional is better for the two lightest of these 5d transition metals, while for the heavier, LDA is the most accurate functional. All three functionals give lattice constants which are smaller than the experimental one for the actinide Th. From Table IX , we can see that all three functionals perform badly for the rare-gas solids. LDA underestimates a 0 by 0.3-0.6 Å, while with PBE there is an overestimation of at least 0.7 Å for all rare gases except Ne, and WC increases a 0 further by 0.3-0.5 Å with respect to PBE. This behavior was expected according to the results of Table  V on rare-gas dimers. Turning now to the AB compounds, trends among the different types can also be observed. For the group-I-VII ionic compounds ͑LiF, LiCl, NaF, and NaCl͒, we can clearly see that LDA underestimates and PBE overestimates the lattice constant, while WC values are in between and in much better agreement with the experimental values. For the transition-metal carbides and nitrides ͑TiC, VC, ZrC, NbC, HfC, ScN, TiN, VN, YN, ZrN, NbN, and HfN͒, PBE lattice constants are very accurate if the metal belongs to the 3d row, while for the 4d and 5d metals, WC performs better. For the group-II-VI compounds, WC performs better than LDA and PBE for MgO and MgS, while PBE is slightly better for CaO. Concerning the transition-metal oxides ͑MnO, FeO, CoO, NiO, and ZnO͒, LDA gives by far too small lattice constants and the WC functional is not really able to repair the failure of LDA. Overall, the PBE functional is much better for these compounds. Note that with both LDA and GGA, FeO and CoO are incorrectly described as being metallic instead of insulators, a fact which can have some influ- ence on the structure. The situation is similar to that of the intermetallic compounds FeAl, CoAl, and NiAl, in which PBE gives relatively accurate lattice constants, whereas LDA and WC values are systematically too small. For the III-V semiconductors ͑AB, where A = B, Al, Ga, In and B =N, P, As͒, WC is clearly the best functional, while there is a systematic underestimation and overestimation with LDA and PBE, respectively. For SiC and CeO 2 , the WC functional is very accurate. Special attention is paid to layered compounds such as graphite ͓C ͑A9͔͒, h-BN ͑B k ͒, and MoSe 2 . While the in-plane lattice parameter a 0 is most accurate with WC, but PBE and even LDA are not that much off either, the situation is completely different for the c 0 parameter. As can be seen in Fig. 3 , only LDA gives well defined minima and reasonable binding energy curves with a stabilization of the bulk vs the monolayer of about 8 mRy per unit cell. Both GGAs show only marginal binding of the hexagonal layers along c, although the left-hand side ͑small c͒ of the potential-energy curves looks as expected, with PBE clearly too large and WC and LDA close to experiment.
The statistics on the set of lattice constants of Table VIII shows that the WC functional is the best among the three tested functionals with, e.g., 0.031 Å for the mae and 0.7% for the mare. LDA is only in six cases the best functional, PBE in 31, and WC leads in 43 cases to the best values. For the lattice constants related to weak interactions ͑Table IX͒, LDA is the functional which leads to the smallest statistical errors. Note that the meta-GGA functional TPSS ͑Refs. 9-11͒ yields, most of the time, a lattice constant which is smaller than the PBE value by 0.01-0.02 Å, resulting in slightly smaller mean errors. 11, 13, 14 Exceptions are the alkali metals Li, Na, and K, for which the TPSS values are larger than the PBE values ͑also observed with the WC functional for Li and Na, but to a lesser extent͒. TABLE VII. Binding energies ⌬E ͑eV/BN͒ and geometries ͑Å͒ of h-BN/transition-metal systems: vertical metal ͑M͒-N ͑z M-N ͒ and vertical B-N ͑z B-N ͒ distances. A negative value for ⌬E indicates an unbound system. In all cases, the B atom is closer than the N atom to the metal surface. The calculated values for the bulk modulus ͑also shown in Table VIII͒ follow the usual trend: if a functional yields a lattice constant a 0 that is larger ͑smaller͒ than that of another functional, then the reverse will be the case for the bulk modulus B 0 . This means that for most solids, the WC value for the bulk modulus is between the LDA and PBE values ͑except for some weakly bound solids, e.g., the rare-gas solids, for which we do not consider the bulk modulus͒. Nevertheless, concerning the comparison with the experimental values, there can be slight changes for some types of solids. For instance, for the three heaviest 5d transition metals, the WC functional is the best, while for the group-III-V compounds, LDA is as good as WC for the prediction of the bulk modulus. Overall, for the me and mre, PBE is better than the LDA and WC functionals, but if the mae and mare are considered, PBE and WC performances are similar with ϳ15 GPa for the mae and ϳ10% for the mare.
IV. CONCLUSIONS
We have presented results obtained with the new GGA exchange-correlation energy functional of Wu and Cohen, 16 and have compared its performance with other functionals. The length of covalent bonds in molecules is slightly better described by the WC functional, but the results on atomization energies are less accurate with WC than with PBE. WC has the tendency to give atomization energies larger than the PBE values, which were already too large. This is in agreement with the results of Wu and Cohen, who showed that the cohesive energies of solids are larger with the WC functional than with PBE. For noncovalent interactions, PBE remains the best functional, and it will be probably very difficult to find a better GGA functional than PBE because, compared to many other functionals ͑LDA, GGA, meta-GGA, hybrid, and meta-GGA-hybrid͒, it belongs to the group of the ͑very͒ best ones for most types of noncovalent interactions. 46 The results on bulk solids show that the WC functional shows overall the best performance for the lattice constant. Except for Li and Na, the WC results are always between LDA and PBE, but not necessarily simply a "mean" value of them. Therefore, it can weaken ͑but by far not solve͒ the well-known problem that in most cases PBE is much better for "light" elements than for "heavy" ones. Unfortunately, it shows no improvement in breaking the well-known trends within a transition-metal series, where from left to right the error a 0 calc − a 0 expt shifts in the direction of the positive values. The WC functional is best for group-I elements ͑including their ionic compounds͒, for group IV, for the III-V semiconductors, and for the 4d and ͑lighter͒ 5d elements and their compounds. In particular, it is never the "worst" functional of the three tested ones. PBE remains superior for group-II elements ͑although not for their oxides͒ and the 3d metals including their compounds and alloys. LDA remains the best functional not only for very heavy 5d elements but also for "weak interactions" as found in rare-gas solids and for the interlayer coupling of some layered materials. For surfaces, WC shows improvement over LDA and PBE for the surface formation energy for 3d transition-metal elements, while LDA is still the best for 4d and 5d elements.
Concerning the relation between the analytical forms ͑de-rived to recover the homogeneous electron gas and satisfy mathematical relations͒ and the performances of the tested functionals, a few observations can be made: the fact that in most cases the WC results are situated between the LDA and PBE results was expected by looking at Fig. 1 , where we can see that the WC enhancement factor F͑s͒ is below the PBE one, i.e., closer to LDA ͓F LDA ͑s͒ =1͔. As discussed above, this makes WC better than LDA and PBE for the geometrical parameters of many of the solids we considered, but not for the thermochemistry of the covalently bound molecules. Another observation is that the different forms of the function F͑s͒ of the PW91 and PBE functionals for large values of s lead to differences in the energies, which are important for the very weakly bound systems ͑e.g., rare-gas dimers͒. The importance of the behavior of F͑s͒ for large values of s for noncovalent interactions was already pointed out in Refs. 36 and 37. More difficult to explain without a deeper analysis are the results obtained on the van der Waals systems ͑and a few other systems such as Li 2 and solid Li͒, which clearly show the trend of the WC functional to bind less ͑and to give larger interatomic distances͒ than the PBE functional does, despite the fact that F WC ͑s͒ Ͻ F PBE ͑s͒ for s Ͼ 0. Overall, none of the functionals we have tested can be considered better than the others in all cases, but the observed trends among the different types of interactions and groups of atoms will certainly be very helpful for applications performed with LDA or GGA functionals.
